In recent years, various materials such as refractory metals as well as their compounds, and ternary metal-Si-N amorphous layers (e.g., Ta-Si-N, W-Si-N, etc.) have been investigated as diffusion barriers of Cu-based metallization for ultralarge scale integrated (ULSI) circuits. [1] [2] [3] [4] Among these, Ta and Ta-based compounds (e.g., TaN x , 0 < x 0.2, TaC, Ta-N-O, Ta-Si-N, etc.) were the most promising candidates for Cu diffusion barriers because of their high melting points, high thermal stability, no interfacial reaction with Si, good electrical conductivity, and good adhesion to dielectrics. [5] [6] [7] In Tabased compounds, TaC possesses a very high melting point (ϳ3985ЊC) which suggests that the lattice diffusion of Cu through TaC is very slow, [8] [9] [10] in addition, TaC has a low electrical resistivity which is crucial for a diffusion barrier layer. Moreover, TaC x has similar electronic and optical properties with group IV nitride such as TiN which has been extensively studied as a diffusion barrier for Cu metallization. 9, 11 In this work, we report for the first time on the characterization of TaC X thin films as diffusion barriers for Cu metallization. A dc magnetron sputtering process with a TaC target was used to deposit TaC X thin film on two types of substrates (n-Si and p ϩ n-Si). The physical properties and thermal stability of tantalum carbide films have been investigated in detail. The application of TaC X as a diffusion barrier is evaluated and discussed.
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In recent years, various materials such as refractory metals as well as their compounds, and ternary metal-Si-N amorphous layers (e.g., Ta-Si-N, W-Si-N, etc.) have been investigated as diffusion barriers of Cu-based metallization for ultralarge scale integrated (ULSI) circuits. [1] [2] [3] [4] Among these, Ta and Ta-based compounds (e.g., TaN x , 0 < x 0.2, TaC, Ta-N-O, Ta-Si-N, etc.) were the most promising candidates for Cu diffusion barriers because of their high melting points, high thermal stability, no interfacial reaction with Si, good electrical conductivity, and good adhesion to dielectrics. [5] [6] [7] In Tabased compounds, TaC possesses a very high melting point (ϳ3985ЊC) which suggests that the lattice diffusion of Cu through TaC is very slow, [8] [9] [10] in addition, TaC has a low electrical resistivity which is crucial for a diffusion barrier layer. Moreover, TaC x has similar electronic and optical properties with group IV nitride such as TiN which has been extensively studied as a diffusion barrier for Cu metallization. 9, 11 In this work, we report for the first time on the characterization of TaC X thin films as diffusion barriers for Cu metallization. A dc magnetron sputtering process with a TaC target was used to deposit TaC X thin film on two types of substrates (n-Si and p ϩ n-Si). The physical properties and thermal stability of tantalum carbide films have been investigated in detail. The application of TaC X as a diffusion barrier is evaluated and discussed.
Experimental
The Si substrates used in this work were phosphorous doped, (100) orientation with a resistivity of 1-10 ⍀ cm. After RCA cleaning the material analysis of unpatterned TaC x (600 Å)/n-Si structure was carried out by dc magnetron sputtering using a water-cooled TaC (50:50 wt %) target with 99.5% purity in pure Ar atmosphere. The base pressure of the reactor was around 9 ϫ 10 Ϫ7 Torr, and the deposition was carried out under a pressure of 7.6 mTorr. The target-tosubstrate distance is 15 cm. The applied dc power was 200 W, and deposition rate was measured to be around 0.3 Å/s. Prior to deposition, the TaC target was cleaned by a 10 min presputtering while the Si substrate was isolated by a shower plate. With the same deposition conditions, Cu (2000 Å)/TaC X (600 Å)/n-Si and Cu (2000 Å)/ TaC X (600 Å)/p ϩ n structures were prepared to examine the thermal stability of the TaC X barrier films for Cu metallization. The 2000 Å Cu film was deposited in situ followed by the TaC X layer. Finally, the deposited Cu/TaC layer was patterned by a lift-off technique in preparing the Cu/TaC X /p ϩ n structure. It is noted that the p ϩ n diode used in this study was formed by BF 2 ϩ implantation at an energy of 60 keV and a dose of 3 ϫ 10 15 cm Ϫ2 followed by a thermal annealing in N 2 ambient at 900ЊC for 30 min. The diode area and junction depth were measured to be 5.8 ϫ 10 Ϫ5 cm 2 and 0.3 m, respectively. To identify the physical properties of the deposited TaC X film, X-ray diffraction (XRD) analysis with Cu K␣ radiation and X-ray photoelectron spectroscopy (XPS) using Mg K␣ radiation were performed to characterize the structure/phase and chemical composition of the deposited film, respectively. Scanning electron microscopy (SEM) was employed to inspect the thickness and surface morphology of the Cu and TaC X films. A four-point probe was used to measure the resistivity of the deposited TaC X film.
In order to evaluate the TaC X film as a qualified diffusion barrier for Cu metallization, both TaC X /Si and Cu/TaC X /Si structures were annealed intentionally at a temperature ranging from 400 to 800ЊC for 30 min in N 2 ambient. Thermal stability of the TaC X film before and after the annealing process was measured and analyzed. To further clarify the barrier capacity of the deposited film, the leakage current of the Cu/TaC x /p ϩ n-Si diode before and after thermal treatment was measured.
Results and Discussion
The chemical states of TaC X films were characterized by XPS analysis. The XPS spectra were systematically recorded for both the initial surface (exposed to air) and the argon-cleaned surface (4 keV Ar ϩ ). Figure 1a shows the XPS survey spectrum of the TaC X surface after an Ar ϩ cleaning for 5 min. In the figure, Ta 4f, C 1s, and O 1s peaks were clearly identified. The concentration of Ta, C, and O in the TaC X film measured by XPS analysis was around 74.05, 14.06, and 11.89 atom %, respectively. Figure 1b -d present the narrow scan XPS spectra as a function of the Ar ϩ etching time for Ta 4f, C 1s, and O 1s, respectively. As shown in Fig. 1b , the Ta 4f spectrum after 5 and 10 min surface etching is composed of Ta 4f7/2 and Ta 4f5/2 doublets with a binding energy at 21.9 and 23.7 eV, respectively. These peaks indicate the formation of metallic Ta bonds. On the other hand, as shown in Fig. 1c , the C 1s spectrum after 10 min etching exhibits a large carbidic peak at 281.9 eV that corresponds to the chemical bonding between Ta and C. For the O 1s spectra as shown in Fig. 1d , the air-exposed sample exhibited a strong and broad peak centered at 530.1 eV, assigned to be hydroxide or/and metal oxide. After 5 min of Ar ϩ surface etching, since the hydroxide on the surface of the film has been totally removed, a relatively weak peak located at 530 eV is seen. The residual O 1s peak was assigned to be oxygen in substitution for C in TaC. For the case with 10 min Ar ϩ etching, the peak remains at the same position but with a smaller full width at half maximum (fwhm). In this study, tantalum carbide (TaC X ) films deposited by a sputtering process with a TaC target as diffusion barriers for Cu metallization were investigated for the first time. The thermal stability of Cu/TaC x /n-Si and Cu/TaC x /p ϩ n systems as a function of annealing temperature are reported and analyzed. The deposited TaC X , having an amorphous structure and a low resistance of around 385 ⍀ cm, were characterized by sheet resistance measurement, X-ray diffraction (XRD), X-ray photoelectron spectroscopy, scanning electron microscopy (SEM), secondary ion mass spectroscopy, and diode leakage current measurement. From XRD and SEM analysis, it was found that 600 Å TaC X in Cu/TaC X /Si structure can effectively prevent Cu penetration up to 600ЊC for 30 min, while more sensitive diode leakage measurement of Cu/TaC X /p ϩ n indicates that the failure temperature is around 500ЊC. The failure of the TaC X layer was found to be mainly due to the diffusion of Cu along the localized defects of the TaC X barrier layer into underlying silicon. This has caused the formation of copper silicides and high junction leakage currents. In order to determine the crystalline structure of the TaC X films and the thermal stability of the TaC X /Si interface, XRD analysis was performed on the TaC X /Si system before and after 600-850ЊC annealing, and the results are shown in Fig. 2 . The as-deposited samples show an XRD peak corresponding to TaC(111) (ϳ35Њ). This peak is relatively weak in intensity, and the fwhm is relatively large. It indicates that the as-deposited TaC X film is composed of very small grains or is an amorphous microstructure. Combining with the results obtained from XPS and XRD analyses, it suggests that, as expected, the deposited barrier films contains a certain amount of TaC. After 600-850ЊC annealing, there was no obvious change in the XRD pattern as compared with the as-deposited one, it implies that the TaC X /Si structure retains its integrity. After 850ЊC annealing, a peak corresponding to Ta 2 O 5 was observed. It is thought that the Ta 2 O 5 phase was formed by the reaction with oxygen in the annealing process. According to Auger electron spectroscopy (AES) analysis (Fig. 3a-e) , the origin of oxygen might come from the target material for barrier metal and/or from the annealing ambient. The AES analysis also reveals that the depth profiles of the annealed TaC X /Si structure has a sharp interface without any interdiffusion of TaC X and Si even after 700ЊC annealing as compared to the asdeposited sample.
Characterization of Sputtered Tantalum
Figures 4a-c show the surface morphology of the as-deposited TaC X /Si structure and after 800 and 850ЊC annealing, respectively. It is seen that the surface of the TaC X /Si structure after 800ЊC annealing still remains smooth. This result is consistent with that obtained from XRD analysis and shows that the TaC x /Si remains its integrity 
without any detectable diffusion of TaC and Si even after a 800ЊC temperature treatment.
The sheet resistance of Cu (2000 Å)/TaC X (600 Å)/n-Si structures were measured by a four-point probe. Figure 5 shows the variation of the sheet resistance of the Cu/TaC X /n-Si structures annealed in N 2 ambient at various temperatures ranging from 400 to 800ЊC for 30 min. As shown in the figure, it is seen that the as-deposited Cu/ TaC x /n-Si film has a higher sheet resistance than annealed samples (Յ ϳ600ЊC). The surface damage caused by sputtering might be responsible for the present finding. The sharp increase in sheet resistance of the Cu/TaC X /n-Si sample after 800ЊC annealing indicates that considerable amount of copper has already diffused through the TaC X barrier layer and reacted with the underlying Si substrate. Further evidence was given by XRD results (see Fig. 6 ) in which the Cu 3 Si phase appears in 800ЊC annealed samples.
To monitor the possible formation of new phases of the Cu/TaC X / Si structure during high temperature annealing, XRD was used to analyze the crystalline structure of annealed Cu/TaC X /Si samples. As shown in Fig. 6 , only Cu peaks appear in as-deposited samples. This confirms that the TaC X barrier layer is deposited with an amorphous structure. According to the XRD pattern, it is evident that the amorphous structure is unchanged up to 750ЊC. However, Cu 3 Si and Ta 2 O 5 phase were observed at the 800ЊC annealing case. The appearance of Cu 3 Si indicates that Cu has penetrated the TaC X layer and intermixed with the underlying silicon. On further increasing the annealing temperature to 850ЊC, TaSi 2 and Cu 3 Si peaks were found, indicating that the TaC X barrier had lost its function and reacted with the underlying Si substrate. These results show that TaSi 2 formation was only observed for the Cu/TaC x /Si structure after 850ЊC annealing, which could be due to the formation of Cu 3 Si which drastically decreases the formation temperature of TaSi 2 . Similar phenomenon was also observed by Holloway et al. 12 and Ronay et al. 13 The surface morphology of the unpatterned Cu/TaC X /Si sample with high-temperature annealing (550-750ЊC) was investigated by SEM examination, and the results are shown in Fig. 7 . As is evident by Fig. 7b , the surface micrographs of the sample annealed at 500ЊC did not exhibit any obvious change as compared to the as-deposited sample (Fig. 7a) . However, as the annealing temperature was increased up to 600ЊC, the copper surface became slightly damaged (Fig. 7c) . After a 650ЊC annealing, as shown in Fig. 7d , circular dots which consist of a dendrite structure around the denuded zone were observed. These circular dots serve as the initial Cu downward penetrating sites. Similar phenomena were also observed by Lee et al. 14 Further increasing the annealing temperature up to 750ЊC, the circular dots grow in size and bright white particles were seen around the center of the denuded zone (Fig. 7f) . This suggests that a strong reaction between Cu and Si has happened and the barrier film may have lost its integrity. The sample after the 800ЊC annealing shows a severely damaged surface as shown in Fig. 7g . Figures 7h and i show the oblique view of Cu/TaC X /Si structures after 600 and 800ЊC annealing for comparison. Obviously, the degree of damage for the latter is much worse than that for the former. It is seen that a large number of protrusions reside on the surface of the 800ЊC annealed samples. These protrusions might arise from the fact that the Cu 3 Si phase has grown so large at 800ЊC that, as a result, it deforms the barrier layer and reaches the top surface of the Cu film. Figure 8 shows the SIMS depth profile of Cu/TaC X /Si structures annealed at different temperatures (from 400 to 800ЊC). It is noted that the Cu layer was removed using dilute HNO 3 solution before SIMS analysis to prevent the knock-in effect caused by the ion bombardment during SIMS depth profiling. 15 As shown in Fig. 8a and b, both the 400 and 500ЊC annealed samples show no sign of copper diffusion through the barrier layer into Si substrate. However, for the 600ЊC annealed samples, a small amount of Cu was seen piling up at the TaC X /n-Si interface (Fig. 8c) , which might result from the formation of Cu 3 Si. After a 650ЊC annealing, a severe interdiffusion of copper and Si substrate was observed (Fig. 8d) . The 700 and 800ЊC annealed samples show the same phenomenon but with the Cu profile uniformly extending throughout the substrate (Fig. 8e and f) , which indicates that a strong reaction between Cu and the Si substrate has occurred.
Based on the above-mentioned results, it is found that Cu concentration in the TaC x film increases with increasing annealing temperature in the SIMS profiles. The Cu diffusion is still within the TaC x film in the 400 to 600ЊC annealings (Fig. 8a-c) . In the 650 to 800ЊC annealings, Cu has penetrated the TaC x barrier layer and subsequently interacted with the Si substrate, resulting in Cu 3 Si precipitates (Fig. 8d-f) .
Since Ta has a polycrystalline structure and copper's solubility in Ta is very small, 16 the main path for copper penetration into the Si substrate would be dominated by the grain boundaries of Ta. According to our experimental results, the introduction of C in Ta can effectively suppress the fast interdiffusion of Cu along grain boundaries. It suggests that C plays the same role as N and O 17, 18 in stuffing the existing grain boundary of Ta. The failure mechanism of the TaC X barrier layer is found to be mainly due to the formation of Cu 3 Si at the earliest stage of high temperature annealing, following the formation of TaSi 2 by the reaction of the TaC X barrier layer with the Si substrate. It is worth noting that the silicidation temperature of TaSi 2 could be drastically reduced by the presence of Cu 3 Si. 12, 13 Essentially, SEM, sheet resistance measurement, XRD analysis can detect the metallurgical failure only over a wider area of the sample. In order to reflect the barrier performance in a more sensitive way, diode leakage current measurement was therefore employed in this study. Figure 9 illustrates the distribution of Ϫ5 V reverse leakage current density of patterned Cu/TaC X /p ϩ n samples under 400-600ЊC annealing for 30 min at N 2 ambient. It is seen that the leakage current density remains less than 10 Ϫ8 A/cm 2 after 400-500ЊC annealing. However, after 550 and 600ЊC annealing, the leakage current density was above 10 Ϫ7 A/cm 2 ( Fig. 9c and d) , indicating a severe electrical degradation of the Cu/TaC X /p ϩ n diode. From the above results, we find that the TaC X barrier layer can retain the integrity of Cu/TaC X / p ϩ n or Cu/TaC X /Si structure up to 500ЊC which is still higher than the temperature range in integrated circuit back-end processes. 19 The failure temperature of the Cu/TaC X /p ϩ n system evaluated by leakage current measurement is seen to be lower by about 100ЊC than that of unpatterned Cu/TaC X /Si structure evaluated by SEM. Since SEM is an integral method, it is believed that p-n junction leakage current measurement is much more sensitive to the Cu diffusion in the diode depletion region as compared to the analytical methods such as SEM analysis in observation the Cu 3 Si formation.
Conclusion
In this work, TaC X film prepared by sputtering deposition has been employed as a potential diffusion barrier for Cu metallization for the first time. The deposited TaC X film has an amorphous structure and low electrical resistivity of around 385 ⍀ cm.. It is found that the TaC X /Si structure remains stable without the formation of Ta silicide after 850ЊC annealing. In addition, the unpatterned Cu (2000 Å)/TaC X (600 Å)/Si system was found to be metallurgically stable under a 600ЊC annealing for 30 min. However, the structure failed at an annealing temperature of about 650ЊC. The more sensitive reverse bias leakage current measurement of the Cu/TaC X /p ϩ n diode structures show that the TaC X barrier layer was capable of withstanding thermal annealing up to 500ЊC for 30 min without degradation of the diode's electrical characteristics. XRD, SEM analysis, and SIMS examination reveal that the failure is mainly due to the formation of Cu 3 Si precipitates by which Cu diffuses through the localized defects of TaC x layer into Si substrate. Figure 9 . Histogram of the reverse leakage current density for the Cu/TaC X /p ϩ n structure after annealing at (a) 400, (b) 500, (c) 550, and (d) 600ЊC, respectively. All leakage currents were measured at Ϫ5 V and about 36 randomly chosen diodes were measured.
